Polyhedral oligomeric silsesquioxane (POSS) based materials are a class of organic/inorganic hybrid nanomaterials with many interesting properties. Recent experiments have demonstrated that self-assembly of tethered POSS nanocubes is a promising route to the synthesis of novel materials with highly ordered, complex nanostructures. Using a coarsegrained model developed for tethered POSS, we perform molecular simulations of POSS molecules tethered by short polymers to investigate how the novel architecture of these hybrid building blocks can be exploited to achieve useful structures via self-assembly. We systematically explore the parameters that control the assembly process and the resulting equilibrium structures, including concentration, temperature, tethered POSS molecular topology, and solvent conditions. We report preliminary results of lamellar and cylindrical structures that are typically found in conventional block copolymer and surfactant systems, but with interesting modifications of the phase behavior caused by the bulkiness and cubic geometry of the POSS molecules.
INTRODUCTION
Polyhedral oligomeric silsesquioxanes (POSS) are a class of cubic-shaped nanoscale building blocks (NBB) that can self-assemble to construct hybrid organic/inorganic nanomaterials with enhanced physical properties [2] [3] [4] [5] [6] . POSS nanocubes consist of silicon and oxygen atoms linked into a well-defined, cubic inorganic framework with silicon atoms at the corners and oxygen atoms interspersed along the edges (Figure 1) . Each of the silicon corners can be functionalized with a variety of organic substituents [7, 8 ] to confer precise control over the topology and architecture of the NBB and the resulting self-assembled nanostructures. For example, micellar, vesicular, lamellar, and cylindrical structures have been reported in experiments from the self-assembly of tethered amphiphilic POSS NBBs [9] [10] [11] , telechelic POSS/polymer molecules [12, 13] , and copolymers with POSS nanocubes attached as pendants along the backbone of a polymer chain [14, 15] . Although these experiments have demonstrated In the atomistic representation, the silicon atoms are shown in purple, carbon atoms in grey, oxygen atoms in red, and hydrogen atoms in blue. In the coarse-grained model, the POSS nanocube (purple) is represented by 8 beads connected by rigid bonds, and the polymeric tether (grey) is represented by a bead-spring model with monomers connected by FENE [1] springs. the feasibility of materials design from tethered POSS nanocubes, much of the vast parameter space of these complex assemblies remains unexplored. Computational studies can help predict structures and efficiently map the parameter space and provide fundamental insight into the various assembly processes. Recently, Zhang et al. developed a general coarse-grained model of tethered NBBs and performed molecular simulations to study the assembly of these NBBs with a variety of topologies and geometries [16] . Lamm et al. studied octa-functionalized POSSpolymer networks via Monte Carlo simulations and reproduced physical properties of the systems in agreement with experiment [17] . Chan et al. investigated the self-assembly of simplified models of tetra-tethered POSS cubes [20] . Here we present several results of a Brownian dynamics (BD) simulation [18] study of tethered POSS nanocube assemblies using a similar coarse-grained model ( Figure 1) . Details of the model and simulation method, as well as a full report of the work, may be found in Ref. [19] [20] [21] .
RESULTS

First
, we discuss the self-assembly of mono-tethered POSS nanocubes with various tether lengths under various solvent and temperature conditions. Figure 2 shows some of the equilibrium structures obtained from our BD simulations. In neutral, poor solvent in which tethers and cubes are immiscible, the tethered POSS nanocubes form lamellar structures similar to those found in surfactant and block copolymer systems. However, it is surprising to find that POSS nanocubes with 24-monomer tethers also self-assemble into lamellar structures, while block copolymers with such highly asymmetric tether "block" fraction (f = 0.75) form cylindrical structures [22] . This discrepancy can be explained by the cubic geometry of the nanocubes and their strong face-to-face local packing. Together, these factors stabilize the lamellae with flat microphase-separated domain interfaces, and prohibit the formation of cylinders or gyroids with curved interfaces. In selective solvent that is poor for the tethers and good for the cubes, we find that the tethered POSS nanocubes form lamellar structures at high temperature and cylindrical structures at low temperature. Such temperature driven order-order transitions (OOT) are in agreement with the OOT found in block copolymers in selective solvent [23] .
We also studied self-assembly of tetra-tethered POSS molecules to investigate the effect of molecular topology on the resulting microphase-separated nanostructures. These building blocks have four homopolymeric tethers that are attached on the same face of the silsesquioxane nanocube. We find that these tetra-tethered nanocubes self-assemble into hexagonally arranged (Figure 3) . The cylinders have a unique square crosssection that arises from the geometry of the cubic building block core. The NBBs also exhibit face-to-face local packing within each cylindrical structure. We do not observe self-assembly of the tetra-tethered NBBs into lamellar structures, as was observed in our simulations of the monotethered nanocubes, as well as in conventional self-assembling surfactant and block copolymer systems. The different phase behavior for the tetra-tethered nanocubes can be attributed to differences in molecular architecture, specifically the connectivity of the tether "block" to the cube "block". Thus, our simulations demonstrate how molecular topology can influence selfassembly in tethered POSS systems.
Further investigations of how the geometry and rigidity of the cubic core influence selfassembly of block copolymers are currently underway. We compare the simulated morphologies in three systems: (1) mono-tethered nanocubes, in which the tether is a diblock copolymer, (2) triblock copolymers, in which one of the outer flexible blocks can be considered the linear equivalent of the rigid cube, and (3) diblock copolymers. Our preliminary findings indicate that the rigid nanocubes can influence self-assembly into cylindrical morphologies, whereas lamellar phases are found in the conventional diblock copolymer system at the same overall volume fraction and temperature (Figure 4 ).
CONCLUSION
Using a coarse-grained model, we performed BD simulations to study the self-assembly, of organopolymer-tethered POSS nanocubes. We explored several parameters that control the assembly process and the resulting equilibrium structures, including concentration, temperature, tethered POSS molecule topology, and solvent conditions. Conventional lamellar and cylindrical structures that are typically found in block copolymer and surfactant systems are observed in our simulations. However, we find interesting modifications to the phase behavior of the NBBs caused by the bulkiness and cubic geometry of the POSS nanocubes. Our results suggest that we can control the self-assembled structures, and hence design novel organic/inorganic hybrid materials, by manipulating the molecular topology of the tethered POSS nanocubes and the aforementioned assembly parameters.
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